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This Application Claim, benefit of Provisional Application Serial 

Mo. 60/485,009, Filed 07/05/03. 

This vorh was partially supported under mm in 
.70HAHBOH3048. The U.S. Government might have certain 

the 'invention. 
TBCHMIg&L FIELD 

The disclosed invention r.latee to methods of character ^in, 
articles Lin, manufacture, and -ore particularly i- a "thud of 
ceeraeterising'tbe outermost m.teri.1 on a procees substra • 
eanufactured by deposition or removal of material, to 
"s snrf.ce, -hich method requires n. prior Knowledge of the 
composition of the article. 

BACKGROUND 

It is Knovn to investigate thin snrface layer. » oMact. 
with spectroscopic electromagnetic radiation. Really • 
aathematical model of the system is proposed for the entire 
eystem, and is data obtained corresponding caMea 
pexariration state in a beam of electromegnetic =radlati on^ 
to interact with the system. A regression procedore Is then 
^formed to modify the velues of parameters in the - thematical 
L.1 to bring calculated results into agreement with measored 



data. 
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»k. B tata f a saaple as obtained, 
In .one case., hoover the .tat and , prop sing 

or .nt.r.d Into analysis, 1. initial y ^ lM tance, It 

aathenatlcal nodel th »" f °" ^ ~J ct a to pr vlous pr cessing, 
conpris.s a sobstrat. ^ „, l8 can be the cese, 
t b. specinc natu„ o ehich i Mnttfaetor .a via deposition er 

r^rr^tii to 1 . . ..cess — 

« the invention ZTS^ ^ 
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. a 5 091 320 to »spn.s i- ".closed as It des cribes 
Patent Ho. 5,091.320 ro v „„ ntrollln g aaterlal grosth. 
application oi ellipsonetry to controlling 

. - 4r disclosed as it it 

transparent leyers nslng ellipso-etry. 

. al is disclsoed as it 

samples. 

* a 5 929 995 to Jobs is dlsclsoed a. it describes a 
Patent Ho. beMa in process chancers, 

system for use In directing 

Patent He e,573,999 to Van, is "^J^jTtT^W 
aeternlnin, Ml- thlcKness using light absor 

underlying a film. 
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are refered to throughout the Specific 
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Xn a general eenae, ~ - ^"Ve^ - 

.Uipsoaetrically charact.rlziu, .« « ^terial, to 

article ™^™i::j;;JZTZZ raguirle, no «puc it 
or fro., a proeaa. « b " t " t "' £ COBposlt ion. Said aethod 

« -"psoaerer ^^"ILtioa to i-P^e — 

in use, cause a beam of electromagn .gterial 

.„ article therewith durin, a procedure rn^hlch ^ 

aepoaitioo to, or reaoval from, a procesa eubstrate 

occur over a period of tiae: 

,M at at least teo tl.es causing said ellipsometer system to 
Jj e ."I of electronic radiation * 

artl cl. such that sufficient .Uipsoaetric data to aval ^ 
variable parameters vhich characterise the optical 
the article; 

a . . , in junction with the ^10" 

variable parameter containing analytic _ 
system of variable para™ radiation with a layered 

5 describe interaction of electromagnetic radiation 

material system; 

different fr m either of said at least two 
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. * eM siti n or removal, to r fr m, a pr cess 
c) during material depositi n or responding t 

substrate, obtaining ellipsometic data at 
the prediction time of st p b; and 

of: 

sal d variable parameters in "» ^^^t^i-l of 
containing analytic Rations - i a -1^^^ ^ _ 
electromagnetic radiation with a layerea 
provided in step a"; end 

said verier Parameters identified 

characterized the optical response or the ertlcie, 

at said prediction tine in step b; 

and interpreting the resulting values tor said -iahle ^ 
parameters to characterise surface material 
the time data vas obtained in step c. 

> .ore specific recital of the «^J^Z^ZJ ' 
characterising the outermost mater a o a a ticle^ ^ ^ 

underlying layers, comprises the steps of. 

a) providing a material deposition or removal — ^ 

dlip.on.ter -^n^d vlth Ration to 

use, cause a bean of ' th erevithin during a procedure 

impinge upon a process substrate there proC ess 
1„ vhich naterial deposition r removal upon said pr 
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sob strate is cause* to occur over a peri d * tine, 

, J3 f a during material deposit i n r 
.., obtaining '"^^'L al8 tinct tiaes «t». 
reaoval upon said process substrate at 



(t2), and (t3); 



the exact Pressel equations that 8y8tM/ su ch 

el.ctrowgn.tic radiation with a the underlying 

10 analytic eguations not retiring eny fowled 9 

layer structure previously ^""^^Tellipsoaetric data 
.Utpsometric data at tie. « , * optical 

.cguired at ti.es <tl> and t , an ^ ^ ^ that 
sodel tor the outeraost aaterial oep 
15 occurs between (tl» and «W», and Ct» and <t3,. 

c, detaining tbe optical aod.l ~ 
the outeraost layer... by '""'^'"Z L 

using a minimisation algorithm. 

* f-fiat the foregoing method specifically requires that 
Note that the toregomy following 
aa ta be obtained at rhre. (3) dlM.rent tl.es. Th 
„ recite, disclosed invention aethodology for tbe 
25 /.tl is obtained at Four (4, different tiaas. 

& aetbod of characterising tbe -"-^^L^W. to 
artl cl. „nufactur.d by tbe « ^ pledge of any 
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.nbstrat. is caused to occur over a period of 

... ohtainin, eXXipsoaetric data durln, -^J^ «" 
r ..ovai upon "id process substrate at rour dlstlnc 
(t2), (t3), and Ct4); 

M usin, a systea or analytic e^ons ^ -» rro. 
th e exact Presnel options that systM , M ch 

electroaagnetlc radiation sith a layerea nnd erXylng 
analytic e,uatl.ns not reauirin, any calc uXatin, 
Xayer structure previousiy deposited on the saapX 
eXilpsoaetric data: 

Bt tiae «tl>, usin, the eXXipsoaetric data 
(t 2, and «t,,, and a paraaeterlsed opt.caX aod eXJo 
outermost aateriaX deposition or- reaovaX that occurs 
(ti) and (t2>, and (tX) and (t*» 

t tiae <t2,, usin, the ellipsosetrlc data 
(tl , and <t3,, and a paraaeterlsed optical aodeX tor 
outer-ost aateriaX deposition or removal that occurs 
(t2> and (tX), and Ct2> and (t3)s 

at hiae t t3,. 

,t2> and (t4), and a paraaeterlsed opticaX a 
.nteraost aateriaX deposition or reaovaX that 
( t3) and <t2), and (t3) and (t4); 

,t tiae <t4>, usin, the eXXip.o-.tric data ^'LV^ 
%X, and <t3,, and a paraaeterlsed ^ c ^ <een 

outer, st aateriaX dep slti n or reaovaX that occur. 
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(t 4) and <tl>, and <t4) and (t3); 

the outmost layer.s, by minimising the ««^^ t a „ a (t41 

.Uipsometrlc data « at £ ^ 

„y th. analytical ^icns 1» andjh J ^ BlnlBlI .ti.n 

measured at times <tl>, <t2>, (t3), an 

algorithm. 

The foUo-ln, tacit., th. ^'^'^ZrZT^ 
for th. cas. in vhich data i. obtained at .or. than thr.. 

different times. 

» B ethod of characterize th. outermost material ^o f » to 
article .anufactured by the deposition or removal of "J > ' 
""I, a process substrate, vithout 
previously deposited underlying layers, comprising 

ln vhich material deposition or re.ovel upon said pr 
substrate is caused to occur over a period of time, 

aM obtains eHip.om.tric data during 
removal upon said process substrate at at least tn 
times ftl, t2, t3 ... tn}; 

„, using a system of analytic options vhich are derived fro. 
the .ract%r.snel equations that describe th. imterac - 
ei.ctro.agn.tic radiation vith , Xayerad material syste^ 
analytic equations not requiring any knovledge of the und 
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l.yer structure previ usly dep sited on the saaple, calculating 
el lips metric data: 

at one ti»e selected from tee set of elllpso.etrlc data 
points chosen -in, the elllpsoaetrlc data acgu ed 

l t t.o other tl.es fro. the set of elllpsoeetric data poxnts 
chosen in ••>, and a para.eterl.ed optical aodel for the 
ootCst Lteriel deposition or renoval that occurs beteeen 
the selected times; 

optionally at additionaVti.es selected fro. the set of 
ellipsonetrlc data points chosen In a'), using the 
eUlpso.etric data acguired at two other ti.es fro. the set 
of elllpscetric data points chosen in a'), and a 
para-eterlzed optical «od.l for the ooteraost .aterlal 
^position or r..oval that occurs between the selected ti.es, 

c, deterging the optical .odel pera.et.rs uhich characterize 
t „e outeraost layer,., by .mi.i.ln, the differences beteeen the 
elllpso.etrlc data calculated at the selected tl.es by the 
analytical eguatlons in b, and the elllpsoaetrlc data ...sured at 
the selected tins using a .inl.lsatlon algorxtha. 

The -inlnlsatlon algorlth. can be lapleaented by non-linear 
regression, and preferably the .Ininizetion algorith. xs the 
Levennerg-Marguardt aethod. 

The optical -odel for the outeraost .aterlal deposition or 
«.oval can be para.eteri.ed by at least one of the paraaeters 
from the selected list: 

the material deposition rate, 

the material removal rate, 

the optical c nstants of the utermost 
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material, 

the surface roughness of the outermost 
material. 

. - _ - haDe selected from the 
The process substrate can be of a shape s 

group consisting of: 

comprising a planar surface; 
of an arbitrary shape. 

Pinally is is to be understood that the ^ J^^ _ 
obtaining ellipsometric data can be characterized by at 
selection from the group consisting of: 

it is acquired at a single wavelength; 
it is acquired at a more than one wavelength; 
it is acquired at a a single angle of incidence; 
it is acquired at at least two angles of incidence 
of the ellipsometric electromagnetic beam to the 
surface of the process substrate. 



The disclosed invention will be better understood by 
reference to the Detailed Description Section of this 
Specification, with refrence to the Drawings. 



13 



SUMMARY 



It is therefore a purpose end/or objective of the disclosed 
lB v.»".n to teach a ne. general virtue! interface a gor lt hm for 
, the analysis of in situ Spectroscopic Ellipsometrxc aeta. 

It is another purpose and/or objective of the disclosed 
invention to teach a'n algorithm ehich is -general- in tuo senses: 

1, eract thin fil- optical eguatlons are used, such that it 
can be applied to the deposition of any material 
(semiconductor, metal, or dielectric), and over any 
time/thickness range, and 

2, any arbitrary isotropic layer structures, including 
sorface roughness, index gradients, etc. (e^eptino 

depolarizing structures such as incoherent backside 
reflections from substrates) can be Incorporated into 
analysis. 

It is yet another purpose and/or objective of the disclosed 
mention to teach a method of characterising the outermost 
material on an article manufactured by deposition or removal o 
"ferial fro. its surface, which reguires no prior Knowledge of 
25 the composition of the article. 

Additional purpose and/or objective of the disclosed 
invention vill become apparent upon a reading of the 
Specification and Claims. 



30 
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discrete ellipsometric data points. The 9 to 
selected deta points at tiaes to, tl, and «, 
stages in the sample deposition depicted in Pig- 

4. of the Virtual Interface 

pi,, a is a Schematic "'"^'^f^i. structure abov 
<„, concept, illustrat n the^ ^p 

the VI at tiaes to. tl, and t2 Th salIly corr espond 

.ithin the sample structure, and does not n 
to a real material interface. 

3 is an illustration of a 4 point GenVI algorithm: -t. 

points (u and P. are used to define VIM, Pi and P3 defrne VI.2. 

Pig. < U a Schematic of dual ^ tron PSCV* spotter chamher^ 

-^^rrri^e, .i.e., the 
while the gears, rollers, ana 

"planets") rotate at 1/3 rpm. 

Pi,. S shovs a CenVI fits .solid curves, to in 

.symhols, ecguired during 0.C film "^-^ end stages 
three date fits are shorn, neer the early, «" 
of deposition. 

Plg . , shovs optical constants 

PLC film deposition, during th. ... : v «dd e a * e ^ 

d.po.ition. a single I-orents ^"^"^i^e, energy, 
disp rsion, »ith 4 fit parameters, namely emp 
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broadening, and - • 



Fig 7 shows Deposition rate extracted by a GenVI analysis of in 
situ SE data acquired during a DLC film deposition* The data 
5 supplied to the GenVI algorithm at each deposition time was 

defined by a "sliding window" which included *6 minutes of data. 

Fig. 8 shows Virtual interface (VI) admittance parameters for p- 
and s- polarized light for a DLC film near the middle of 
10 deposition, calculated using the common pseudo-substrate 

approximation, (the CPA grey curves), and a general virtual 
interface, (the GenVI dark curves) analysis. 

Fig. 9. shows a Plot of the error surface vs. deposition rate 
15 and Lorentz oscillator amplitude for a 4 -point spectroscopic 

GenVI analysis near the end of the DLC run. The deposition rate 
was varied from 0.5 - 3/s with the the best fit value being 2.25, 
and the oscillator amplitude was varied from 0-3 with the best 
fit value being 1.35). 

20 



25 



30 
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DETAILED DESCRIPTION 



A more detailed presentation, in conduction with the 
Drawings follows directly. It is first noted in the following, 
5 numbers inside [ ] refer to references corresponding to said 
numbers listed in the Background Section of this Disclosure. 

The basis of the disclosed invention is a General Virtual 
Interface (GenVI) algorithm, derived for in situ spectroscopic 

10 ellipsometry (SE) data analysis* Importantly, said new algorithm 
is applicable to any material deposition (ie. semiconductor, 
metal, or dielectric etc.), to determine the topmost layer 
thickness, complex index of refraction, and surface roughness, 
completely independent of the previous deposition history. Exact 

15 thin film equations are used in the calculation, which allows 

wider time ranges of data to be incorporated into the analysis, 
thereby improving the precision and accuracy of the results 
(compared to derivative-based approaches). The effectiveness of 
said GenVI algorithm is demonstrated by the analysis of in situ 

20 SE data acquired during the deposition of a DLC film on a metal 
process substrate, under particularly challenging, (ie. 
real-world), experimental conditions. 

Compared to ex situ ellipsometry, which is limited to 
25 observation of the sample f s final state, in situ ellipsometry can 
collect data throughout the entire process. This is 
schematically depicted in Pig. 1. While in situ ellipsometry 
provides a wealth of data, analysis is required to extract the 
desired material properties from the raw ellipsometric data. 
30 Traditionally, a layered optical model is used to analyze SE 

data, (see Background references [9,10]). While this approach 
works extremely well for simple and ideal samples, the analysis 
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can become particularly difficult for complex multiple layer 
samples (some optical coatings contain 10 f s or even 100«s of 
layers), films with index gradients (intentional or 
non-intentional ), or samples in which the optical properties of 
the process substrate and/or interfacial layers are not well 
5 known. Furthermore, real-time in situ SB process monitoring and 
control applications would be greatly simplified by a data 
analysis approach that could provide the material properties, 
(index, composition, deposition rate, surface roughness, etc.), 
of the most recently deposited film, without requiring any a 

10 priori information about the underlying, (previously deposited), 
sample structure. With this goal in mind, many in situ 
ellipsometry "near surface" data analysis algorithms have been 
developed, (see Background references [11-19]). Many of these 
algorithms utilize the concept of a Virtual Interface (VI), which 

15 is illustrated in Pig. 2. Below the VI is the underlying sample 
structure, which is not required for the analysis and is assumed 
to remain unchanged during subsequent film deposition; and above 
the VI is the recently deposited, topmost, (ie. near the 
surface), layer which is to be characterized. To characterize 

20 said near surface region of the film, the VI is typically 

"tracked" to remain at a fixed time below the surface of the film 
as the deposition proceeds. The "depth" of the VI is determined 
by the time spacing between the in situ SB data points included 
in the analysis and the deposition rate of the film. Virtual 

25 interface (VI) algorithms based on the Common Pseudo-Substrate 
Approximation (CPA), (see Background references [11-121), have 
successfully extracted the near-surface optical response from in 
* situ ellipsometric data and been applied in many semiconductor 
deposition monitoring and control applications. However, it is 

30 widely recognized that the simplifying assumption used by the CPA 
to calculate the VI parameters is not universally valid, (see 
Background references [14,16,19]), and in particular it does not 
work for analyzing dielectric stacks typical of optical coatings 
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applications. The general VI (GenVI) formulation presented here 
is valid for any material deposition (semiconductor, metal, 
dielectric etc.). The derivation is similar to that f Urban, 
(see Background reference 113]), in that exact thin film 
equations are used in the calculation. However, in the presnetly 
disclosed invention case, a minimum of only 3 dynamic data points 
are required in the analysis, and the algorithm is specifically 
formulated to facilitate robust regression of spectroscopic data. 

DERIVATION OF THE GENERAL VIRTUAL INTERFACE (GENVI) ALGORITHM 

The derivation of the GenVI algorithm presented here is 
based on the thin film calculation method first proposed by 
Abeles, (see Background reference [20]), and uses the optical 
admittance notation given in Macleod, (see Background reference 
[21]). Like most isotropic thin film calculation methods, 2x2 
matrix algebra is used to describe the propagation of light 
through a layered optical structure. Separate calculations are 
performed for p- and s- polarized light, and ell ipsome trie 
quantities are computed from the ratio of the calculated p- and 
s- reflectivities. In the Macleod notation, the state of the 
propagating wave at any location within the optical structure is 
given by the optical admittance Y, which is defined as the ratio 
of the magnetic and electric fields. The goal of the GenVI 
algorithm is to calculate, at a specified location in the optical 
structure (denoted the "virtual interface", or VI), the optical 
admittances for p- and s- polarized light, Vp and Vs. Once the 
p- and s- admittances at the VI are known, ellipsometric data can 
be generated for any layer structure above the VI. The thin film 
calculation method is summarized in eqns. 1-6, (for more 
details, consult Background reference (21))). Eqn. 1 shows that 
given the input admittance Vp,s at a given location in the 
optical structure, the output admittance at a second location in 
th structure Yp,s can be calculated by multiplying the input 
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admittance vector times the product of the characteristic 
matrices :[m^J of the n int rvening layers. The elements of the 
characteristic matrix for the jth layer are defined in eqn. 2, in 
which the complex index of refraction for the jth layer is 

5 

10 (according to the convention 

n=n-fk% 

15 



the layer thickness is d £9 and the wavelength of light is X. The 
propagation angle within the layer &j is calculated by eqn. 3 (as 
deduced from Snell s law, with the input beam angle of incidence 

20 q0). The tilted p- and s- optical admittances for each layer are 
defined according to equation 4. The complex p- and s- 
ref lectivities can be calculated from eqn. 5, in which yt&> ar 
the admittance values for the ambient (calculated using eqn. 4). 
Note the minus sign in the ^ formula; this is due to a 

25 difference in coordinate system between Macleod and the 

traditional ellipsometry definition, (see Background reference 
[22]). Ellipsometric quantities ¥,A, the complex reflectivity 
ratio ip), N, C f and S are then given by eqns . 6 and 7. 
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(2) 
(3) 
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(4) 



r *, - Y p r = ^~ Y ' (5) 

i+jpj i+W 1+ M 

Since two complex parameters (Vp and Vs) are required to 
fully characterize the virtual interface, the VI parameters can \^ 
be calculated from two ellipsometric data points (each 
ellipsometric data point consists of two real values, e.g., (¥> 
and (A), or can be expressed as a complex number ( p), acquired 
at times tl and t2. The two measured ellipsometric data points 
are denoted pi and P2 (see eqn. 6 and 7 for conversions between 
common representations of ellipsometric data). The virtual 
interface itself could be located at any time tVI within the 
sample structure, but for the purpose of clarity in this 
discussion we will assume tVI = tQ. Note that to, tl, and t2 do 
not have to be evenly spaced or monotonic in time, but they must 
specify unique times, and for real-time data analysis, one of the 
times should correspond to the most recently acquired data point. 
The derivation begins by assuming that the product of 
characteristic matrices for the layer (s) representing the sample 
structure between the virtual interface and the top surface of 
the film at times tl and t2 can be calculated. In the simplest 
case (a uniform film with no surface roughness, deposited at a 
constant rate), this requires a nominal index of refraction and 
deposition rate for the topmost film- Combining eqns . 1, 5, and 
6 and collecting terms, provides that the ellipsometric data 
points pi and pz can be written as a function of the VI 
admittances in the form of eqn. 8> in which the Kxy "constants" 
are defined by eqns. 9 and 10. In eqn. 10, the jhfcs : value are 



21 



the admittances for the ambient (calculated using eqn. 4), and 
the : ^m^Xvalues correspond to the characteristic matrix 
elements for the i'th data point, according to the format defined 
in eqn. 1. 

a "^+^v p +jc w v.+x 4 ,v p v, ' 

&u ~-A2i.Au,* ^2i ss A 2im A $i ^ , Kyi » —A^Ay^ (9a) 

==> V i ^» Kv^^Ai,* — 4i # 4u r » K^^A^Ay^ f= 1,2 (9b) 

^ -yoj*^ > A «~ *y*~ M ».„ i= l - 2 (10b) 

Eqn. 8 defines a system of two complex equations and two 
complex unknowns, which can be solved for the VI admittances Vp 
and Vs (eqns. 11 and 13). In eqn. 11, it can not be determined 
a-priori which of the two roots for the VI admittances is 
correct. However, the "best" root can be determined by using the 
VI admittance roots, (and eqns. 1 and 6), to calculate 
ellipsometric data at the third point in time to and choosing the 
root which generates data closest, (in a least squares sense), to 
the experimental ellipsometric data measured at that time (po) • 



w -b±Jb 2 -4ac „ fi+QV. (11) 

v * = " — £ * p "c 3 +c 4 v s 

a = pA&t£* +K a C 2 )-{K 72 C 4 + KvCj < 12a) 

b = *fcC 4 + ^ + ^C,)-feC 4 +* n C, < 12b > 

c=^fec, +jwHW + ** c .) (12c) 
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Stated alternatively, eqns. (1 - 13) enable the calculation 
of generated ellipsometr ic data at a time tO, (the VI admittances 
Vp and Vs can be considered as intermediate variables in this 
calculation), given experimental ellipsometr ic data points pi and 
pa, artd the topmost film index and deposition rate. To complete 
the basic Three (3) point GenVI algorithm, a tf 2 figure of merit 
function is defined (eqn. 14, in which G represents the GenVI 
calculation embodied by eqns. 1 - 13), the film index "n" and 
deposition rate "r" are defined as fitting parameters, and 
adjusted via non-linear regression (eg., the Levenberg-Marquardt 
algorithm, (see Background reference [23])), to minimize the 
difference between the calculated and experimental ellipsometric 
data at tO. 



TO (14) 

x 2 = lG(S 0 ,p t ,P 2 ; n ,r ).- Pol 



More complex GenVI analysis approaches can be constructed, using 
the basic Three (3) point algorithm as a building block. For 
example, a Pour (4) point algorithm has been developed to provide 
robust analysis of in situ SE data, as will be demonstrated in 
the next section of the paper. A schematic of the Pour (4) point 
algorithm is shown in Pig. 3. In this algorithm, two virtual 
interfaces are defined, using two combinations of non-adjacent 
data points. Generated data can then be calculated at the each 
of the four times and compared with the experimental data, (i.e., 
data at tl and t3 are generated from VI #1 defined by t2 and t4; 
data at t2 and t4 are generated from VI #2 defined by tl and t3). 
A X 2 merit function for the 4 point algorithm, extended to 
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include a spectroscopic data set containing n wavelengths, is 
given by eqn. 15. 



(15) 

The Four (4) point algorithm improves the robustness of the 
10 GenVI analysis for a number of reasons: 

1) more data points are included in the analysis, which 
better defines the shape of the ellipsometr ic data vs. time 
curve, 

15 

2) two data points are generated from each VI (and compared 
to corresponding experimental data), which enables a better 
choice of the correct VI admittance root, and 

20 3) all the data points are incorporated in a more symmetric, 

self-consistent manner into the analysis, i.e., each point is 
used to both define a VI, and included as a data point in the 
2* merit function. 

25 GenVI analysis results can be further improved by reducing the 

noise on the pi data points via polynomial smoothing of adjacent 
data points, and by adding error bars to properly weight each 
data point in the ^ a merit function, (see Background reference 
[9]). Other algorithms which relax the assumption of constant 

30 deposition rate and film index, or add surface roughness to the 
model, can be readily implemented by appropriately calculating 
the characteristic layer matrices which describe the light 
propagation between the VI and the Pi data points (eqns. 1, 2, 
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10). More time points can be incorporated into the analysis by 
simply adding terms to the merit function (eqn. 15). 

TESTING OF THE GENERAL VIRTUAL INTERFA CE f GEN VI ) ALGORITHM 

5 

An example of a general VI analysis, using the Four (4) 
point algorithm, is shown in Fig. 5. This in situ SE data was 
acquired during the PECVD deposition of a mixed phase CrC-DLC 
(diamond-like carbon), film, which was deposited on a NiCr-plated 

10 stainless steel ring, (114mm diameter), which served as a witness 
sample for the Spectroscopic Ellipsometry measurement. The 
witness sample was continuously moving and rotating on a 
planetary table at 3 rpm (see Fig. 4), such that the ellipsometer 
beam only could see the sample once for less than 0.5 seconds 

15 during the rotation period of 20 seconds. A high speed rotating 
compensator ellipsometer (RCE) with a CCD-based spectrograph 
detection system, (see Background reference (241), was used to 
acquire data over a 250 800nm spectral range, with a minimum 
acquisition time of 21 ms. The ellipsometer data acquisition was 

20 self -triggered, that is, an ellipsometric data point was acquired 
only when the detected light intensity exceeded a threshold 
value. In addition to causing substantial noise, the moving 
witness sample also limited the time resolution in the data. A 
substantial (>50A): film thickness could deposit while the sample 

25 was not in view, which corresponds to a significant fraction of 
an optical interference cycle. This essentially precludes any 
derivative-based analysis approach of the data. To obtain 
acceptable results, the general VI analysis was performed over 
relatively large time ranges, such as the «6 minute windows shown 

30 in Fig. 5. The 4 data points incorporated into the GenVI 

analysis were evaluated at 4 times equally spaced across the 6 
minute window. Each of the 4 GenVI points were derived from N, 
C, and S values at the nearest 5 experimental data times, using a 
2nd order smoothing polynomial. The data are best visualized 
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when plotted in terms of N, C, and S (defined in eqn. 7), as 
these quantities are bounded between ±1 and exhibit more 
continuous behavior during the deposition of transparent films, 
as compared to other ellipsometr ic quantities Y/A, or the real 
5 ' and imaginary parts of ( P)- Note that the GenVI data fits 
accurately describe the experimental data at all wavelengths 
throughout the entire deposition. At the shorter wavelengths, 
the film transitions from transparent to absorbing, while the 
film remains transparent throughout the deposition at the longer 

10 wavelengths. Even with the coarse time/depth resolution, very 
useful deposition information can be obtained from the GenVI 
analysis of the in situ SE data. Changes in the optical 
properties of the film were observed throughout the deposition, 
as shown in Fig. 6. The film deposition rate also increased 

15 dramatically as the run proceeded (Fig. 7), even though the 
deposition parameters were held constant. Unintentional 
variations in the deposition conditions, due to effects such as 
target poisoning, may be responsible for the changes observed in 
the film properties. To illustrate the inadequacy of the common 

20 pseudo-substrate approximation (CPA) in this application (DLC 

film deposited on metal), virtual interface admittance parameters 
for a data set near the middle of film deposition were determined 
using the CPA and a GenVI analysis. Conceptually, the CPA is 
very simple, the ellipsometr ic data acquired at the virtual 

25 interface is analytically inverted into "pseudo" optical 

constants (using the standard formula given in eqn. 16, (see 
Background reference [22])), which are then used as the optical 
constants for a pseudo-substrate in the optical model that 
"approximately" encapsulates the optical response of the 

30 underlying film structure. From Fig. 8 it is apparent that 

compared to the GenVI, the CPA calculates dramatically different 
admittance values for this data set, which explains why attempts 
to analyze the data using the CPA approach were not successful. 
The GenVI and CPA calculated admittances converge only when the 
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sample structure consists essentially of a process substrate with 
a thin layer (at the beginning of the run), and when the film 
becomes more opaque, and therefore optically looks more like a 
process substrate near the end of the run. 



(16) 



In contrast to the virtual interface analysis described by 
Urban, (see Background reference [13]), which in some cases 
required trial and error or a neural network to obtain acceptable 
initial estimates for the virtual interface parameters, the 
presently disclosed invention GenVI analysis of the in situ DLC 
film data set was found to be quite robust. In most cases, 
initial values for the Five (5) fit parameters, (deposition rate 
plus four (4) Lorentz oscillator parameters), could be varied by 
more than a factor of two and subsequent GenVI model fits would 
still converge to the same solution. Fig. 9 shows a plot of the 

error surface for a data set near the end of the deposition 
run, when two of the parameters, (deposition rate and Lorentz 
oscillator amplitude), were varied, with the other oscillator 
parameters held fixed at their best fit value. The error surface 
varies smoothly and exhibits a single minimum; both of these 
properties are required for robust model fit convergence. This 
is somewhat surprising, given that the GenVI calculation could 
potentially choose the wrong "root" for the VI admittances when 
the film parameters are far from their correct values. Such 
"root hopping" could lead to a discontinuous error surface, 
especially when using the 3-point GenVI algorithm and 
ellipsometr ic data at only a single wavelength. The Four 
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(4)-p int GenVI algorithm c mbined with spectroscopic 
ellipsometric (SE) data appears to minimize this behavior. 

It is noted that the terminology "process substrate" 
indicates a substrate per se., as well as a substrate, after some 
processing has been performed thereupon. 



Having hereby disclosed the subject matter of the present 
invention, it should be obvious that many modifications, 
substitutions, and variations of the present invention are 
possible in view of the teachings. It is therefore to be 
understood that the invention may be practiced other than as 
specifically described, and should be limited in its breadth and 
scope only by the Claims. 
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